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AEROSPACE SYSTEMS and MISSION ANALYSIS RESEARCH 
S ta tus  Report f o r  the Period 1 Apr i l  through 31 December 1966 
ABSTRACT 
After  th ree  years  the work of the ASMAR Program a t  Pr inceton 
began t o  show maturi ty  e s p e c i a l l y  in  the  a rea  of space f l igh t  t r a j e c t o r y  
ana lys i s  research.  A t  the  reques t  of NASA Headquarters a s s i s t ance  was, 
and continues t o  be,  provided the  J e t  Propulsion Laboratory i n  analyzing 
the performance of s o l a r  e l e c t r i c  propulsion f o r  s o l a r  system explora t ion .  
These mission s t u d i e s  a re  being undertaken under separa te  NASA Contract  
NO. NSR 31-001-078. 
Theore t ica l  work continues and i s  being reported i n  the space- 
f l i g h t  t r a j e c t o r y  ana lys i s  top ic  area on the  p r imer  vec tor  and optimal 
impulsive t r a j e c t o r i e s  i n  he l iocen t r i c  f l i g h t .  Work is a l s o  progressing 
on optimal p l ane tocen t r i c  maneuvers and on the  optimum patching with the  
h e l i o c e n t r i c  t r a j e c t o r i e s .  
E f f o r t s  continue t o  i d e n t i f y  methods f o r  aerospace systems 
a n a l y s i s .  Work i s  underway on nuclear rocke t  and n u c l e a r - e l e c t r i c  power 
sys  t e m s .  
Although p r a c t i c a l l y  a l l  of our e f f o r t s  have gone i n t o  s t u d i e s  
of s o l a r  e l e c t r i c  missions,  the computer programs being developed w i l l  
be designed t o  analyze nuc lea r - e l ec t r i c  powered and high t h r u s t  missions 
as w e l l .  
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AEROSPACE SYSTEMS and MISSION ANALYSIS RESEARCH" 
S t a t u s  Report f o r  the Period 1 A p r i l  through 31 December 1966 
I. INTRODUCTION 
A. General 
The o v e r a l l  e f f o r t  of the Aerospace Systems and Mission Analysis 
Research (ASMAR) Program i n  the  Department of Aerospace and Mechanical 
Sciences a t  Pr inceton showed a developing maturi ty ,  e s p e c i a l l y  i n  the  
area of space f l igh t  t r a j e c t o r y  ana lys i s ,  during the  per iod 1 Apr i l  
through 31 December 1966. Work on the  Basic Program under t h i s  c o n t r a c t  
w a s  continued i n  a l l  t op ic  areas, although a t  a somewhat reduced pace 
f o r  a v a r i e t y  of reasons a s  discussed i n  the following two paragraphs. 
. .  
A t  the  reques t  of M r .  J. Mullin of the  NASA-OART E l e c t r i c  
Propuls ion Sect ion,  i t  w a s  agreed t o  develop and u t i l i z e  computer programs 
generated by o r  a v a i l a b l e  t o  the  ASMAR Program i n  support  of Headquarters 
and Je t  Propulsion Laboratory e f f o r t s  t o  explore  the  usefu lness  of s o l a r -  
e lectr ic  propuls ion f o r  in te rp lane tary-p lane tary  and o the r  advanced 
missions.  This work i s  being ca r r i ed  out  by the ASMAR Program under NASA 
Cont rac t  No. NSR 31-001-078 and i s  reported separa te ly .  
The support  provided the ASMAR Program by personnel of the  
Nuclear Propulsion Research Laboratory of Guggenheim Laborator ies  has 
been compromised by u n c e r t a i n t i e s  i n  the  fu tu re  s t a t u s  of t h a t  Laboratory. 
I n  t h e  meantime i n i t i a l  e f f o r t s  t o  e s t a b l i s h  an approach t o  aerospace 
systems a n a l y s i s ,  including nuclear propuls ion systems, by personnel of 
* *  
This  research  is  supported by the NASA Office of Space Science and 
Appl ica t ions  Launch Vehicle and Propulsion Programs Divis ion under 
Con t rac t  NASr-231, Mr. J. W. Haughey is the NASA Program Monitor. 
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the  ASMAR Group cont inue,  but  w i l l  come t o  l a t e r  f r u i t i o n  than had been 
planned . 
B. Personnel 
A l i s t  of personnel who were a c t i v e  i n  the  ASMAR Group a s  of 
1 October 1966, the  beginning of a new Program Year, i s  provided a s  
APPENDIX B. 
With r e spec t  t o  personnel a c t i v i t y ,  a paper by D r .  Morris 
Handelsman (1) who cont inues a s  a consu l t an t ,  was presented a t  the 
I n t e r n a t i o n a l  As t ronaut ica l  Congress i n  Madrid i n  October. A paper 
e n t i t l e d  "The Primer Vector on Fixed Time Impulsive T r a j e c t o r i e s , ~ ~  
co-authored by D r .  P. M. Lion and D r .  Handelsman (2) has been accepted 
f o r  p re sen ta t ion  a t  the  AIAA 5 t h  Aerospace Sciences Meeting i n  New York 
i n  January 1967. 
, 
D r .  Lion has been promoted t o  Ass i s t an t  Professor  and w i l l  
cont inue t o  supervise  the' t r a j e c t o r y  and guidance ana lys i s  e f f o r t s  of 
the  Group. 
D r .  Colin N. Gordon of Radio Corporation of America has joined 
the  Group and a s  of October 1 is on a half- t ime bas i s .  He i s  developing 
opt imiza t ion  programs f o r  s o l a r  e l e c t r i c  powered spacecraf t  t r a j e c t o r i e s .  
M r .  John H. Campbell of Analy t ica l  Mechanics Associates  joined 
as of December 1 on a fu l l - t ime  bas is  under the  subcontract  wi th  AMA. 
M r .  Campbell's main r e s p o n s i b i i i t y  w i l l  be the  development of the  I T E M  
n-body i n t e g r a t i o n  program. 
M r .  Leonard B. Jas  a l s o  joined the  Group on December 1 a s  a 
J u n i o r  Draftsman. 
The c u r r e n t  l i s t  of graduate s tuden t s  includes M r .  George A. 
6. 
Hazelrigg, Ass i s t an t  i n  Research who was admitted i n  1963. M r .  Hazelrigg 
has passed the genera l  examination f o r  the Ph.D. and i s  now on leave t o  
JPL f o r  s ix  months i n  connection with the  Solar  E lec t r ic  Mission Studies .  
He w i l l  r e t u r n  i n  February 1967 t o  complete h i s  d i s s e r t a t i o n  on powered 
s p a c e f l i g h t  i n  the presence of two g r a v i t a t i n g  bodies  inc luding  the  problem 
of optimal escape and capture .  M r .  Sol  M. Rocklin, Ass i s t an t  i n  Research 
who w a s  admitted i n  1964 w i l l  complete h i s  MSE degree requirements by 
June 1967. H i s  t h e s i s  "A Study of S i m i l a r i t i e s  i n  the  Primer Vector." 
M r .  Jean  P. P e l t i e r ,  Ass i s t an t  i n  Research, was admitted i n  1965, and 
M r .  Michael Minkoff, NDEA Fellow, was admitted i n  1966. They are working 
on optimum impulsive t r a j e c t o r i e s  (see I1 below). 
Three undergraduates of the  Class of 1967 a r e  working on 
Senior  Theses wi th in  the ASMAR Program. M r .  R. A. P h i l i p s  i s  working 
on t r a n s f e r s  wi th  f ixed  t h r u s t  angles.  M r .  M. J. Flynn is  completing 
work on nuclear  rocke t  sys'tems. Mr. J .  E .  Kerr is cons ider ing  the 
d i f f e rences  between d i r e c t  and i n d i r e c t  a scen t  of launch veh ic l e s  f o r  
i n t e r p l a n e t a r y  missions.  
M r .  E .  J. Sar ton  of the  Class of 1968 has i n i t i a t e d  a study 
of s o l a r  a c t i v i t y .  
C .  P r ince ton  Univers i ty  Computer Center 
The Computer Center provides s t r o n g  support  i n  i t s  c a p a b i l i t y  
f o r  s a t i s f y i n g  the Program's need f o r  r a t h e r  ex tens ive  computations. 
Charges are covered i n  the Univers i ty ' s  i n d i r e c t  expenses. The Univers i ty  
has  been n o t i f i e d  t h a t  it w i l l  be requi red  t o  i n s t i t u t e  d i r e c t  charging 
f o r  a l l  computing unless  it can  demonstrate a clear advantage t o  the 
Government by r e t e n t i o n  of the present  o r  some a l t e r n a t i v e  method. 
7. 
Direc t  charging could have a g rea t  e f f e c t  on the  ASMAR Program so these  
developments are being c l o s e l y  watched. 
D. Publ ica t ions  
A L i s t  of Publ ica t ions  and a L i s t  of MARS Memos, our i n t e r n a l  
pub l i ca t ions , a re  given i n  APPENDICES D and E r e s p e c t i v e l y  as of t he  end 
of t h i s  r e p o r t i n g  period. Copies of these  pub l i ca t ions  a r e  a v a i l a b l e  on 
r e q u e s t  from Miss Frances Allison, Engineering Quadrangle Room C-404, 
Princeton Univers i ty ,  Pr ince ton ,  New J e r s e y  08540. 
e .  
. 8 .  
11. SPACEFLIGHT TRAJECTORY ANALYSIS RESEARCH* 
The c a p a b i l i t i e s  of the group i n  space f l igh t  t r a j e c t o r y  a n a l y s i s  
research  have increased s i g n i f i c a n t l y  over the  p a s t  nine months, the r e s u l t  
of t h ree  yea r s '  development. Contributions have been and a r e  c u r r e n t l y  
being made i n  both the t h e o r e t i c a l  and numerical a spec t s  of t h i s  f i e l d .  
The t h e o r e t i c a l  work i s  concentrated i n  the  a rea  of optimum 
impulsive t r a j e c t o r i e s .  This is cons i s t en t  wi th  the  idea of extending the 
impulsive i t e r a t i v e  method, o r i g i n a l l y  developed here ,  t o  cover a l l  
poss ib l e  combinations of boundary condi t ions.  I n  b r i e f ,  the  t echn ica l  
con t r ibb t ions  are : 
1. Extension of the  concept of the  primer vec tor  t o  non-optimum 
tra j e c  t o r  ies . 
2 .  Proof of necessary condi t ions f o r  optimal i n i t i a l  and f i n a l  
qoa 8 t ing  
3. Proof of the  " c r i t e r i o n  f o r  an  a d d i t i o n a l  impulse." This 
t e l l s  when a given t r a j e c t o r y  can be improved by a mid-course burn. 
4. Proof of the  t r a n s v e r s a l i t y  condi t ion  f o r  non-optimal 
impulsive t r a j e c t o r i e s .  This condi t ion t e l l s  how the  mid-course burns 
a t  a given t r a j e c t o r y  should be changed t o  improve the  t r a j e c t o r y .  
For f u r t h e r  d e t a i l s  consul t  References (1) and ( 2 ) .  These theore- 
t i c a l  r e s u l t s  are p resen t ly  bei-ng programmed by Messrs. Minkoff and 
P e l t i e r .  Using the  t h i r d  and four th  r e s u l t s  above, it is poss ib l e  t o  
dev i se  a g rad ien t  scheme which w i l l  determine the optimum n-impulse 
* 
Mr, W i l l i a m  E. Miner, NASA Elec t ronics  Research Center,  is the  Technical 
Monitor of t h i s  phase of the  research.  
9. 
. 
t r a j e c t o r y  from the  two-impulse or Lambert so lu t ion .  It  is  expected t h a t  
t h i s  program w i l l  be working by June  1967. 
( i . e . ,  generat ion of the optimum impulsive t r a j e c t o r y )  and w i l l  provide 
a s o l u t i o n  t o  an area which has been almost completely ignored. 
I t  w i l l  be a unique c a p a b i l i t y  
M r .  S o l  Rocklin i s  wr i t ing  a Master's t h e s i s  on the  extension of 
the primer vec tor  idea t o  c e r t a i n  s ingu la r  cases .  
These impulsive t r a j e c t o r i e s  have inherent  i n t e r e s t  of themselves 
s i n c e  they provide an  exce l l en t  approximation f o r  chemical rocke ts .  How- 
ever  a second use of t h i s  programwil l  be t o  generate  a d j o i n t  vec tors  f o r  
f i n i t e  t h r u s t  t r a j e c t o r i e s  i n  the  impuls ive- i te ra t ive  technique. 
It is planned t h a t  the program being developed by M r .  M. Minkoff 
w i l l  be coupled wi th  t h a t  developed by Professor  Lion t o  provide a 
compleie impulsive i terative capab i l i t y .  Professor  Lion's program 
genera tes  optimum f i n i t e  ( f ixed)  th rus t  t r a j e c t o r i e s .  It is  w r i t t e n  
i n  Car tes ian  coord ina tes  and represents  the fol lowing advances over 
our  previous programs: 
1. th ree  dimens ions 
2. a n a l y t i c a l  coas t ing  a r c s  
3. a n a l y t i c a l  p a r t i a l  d e r i v a t i v e s  
This program i s  p resen t ly  converging. T ra j ec to r i e s  on the 7094 a r e  
computed gene ra l ly  i n  2-7 seconds of machine time. 
The program by D r .  C. N. Gordon, although developed p r i n c i p a l l y  
under the  s o l a r  e l e c t r i c  con t r ac t ,  has been the  bel lwether  of our e f f o r t s  
t h i s  year ,  while D r .  Lion 's  program was  being w r i t t e n .  
p a r t i a l  d e r i v a t i v e s  and has the c a p a b i l i t y  of computing s o l a r  e l e c t r i c  
It uses a n a l y t i c a l  
10. 
powered t h r u s t o r s  a s  w e l l  a s  f i xed  t h r u s t .  It has demonstrated a t r u l y  
amazing r ad ius  of convergence (genera l ly  up t o  1 A.U., f a r  g r e a t e r  than 
anything reported i n  the l i t e r a t u r e ) .  This,  we be l ieve ,  i l l u s t r a t e s  t he  
value of a n a l y t i c a l l y  computed de r iva t ives .  The program is  w r i t t e n  i n  
two dimensions and hence w i l l  eventua l ly  be replaced i n  our work by the  
t h r e e  dimensional program. It  represents  a powerful t oo l  and is  now 
being pu t  i n t o  f i n a l  (user)  form by D r .  Gordon. 
The body of work j u s t  descr ibed r ep resen t s  the  h e l i o c e n t r i c  
po r t ion  of the mission only,  A s i g n i f i c a n t  con t r ibu t ion  both t h e o r e t i c a l  
and numerical has been made. During the  coming year  i t  is  expected t h a t  
o u t  a t t e n t i o n  w i l l  concent ra te  more heavi ly  on patching i n  the  planeto-  
c e n t r i c  phases. M r .  George A. Hazelrigg, dur ing  h i s  s t a y  a t  JPL has 
i n t e n s i v e l y  researched t h i s  a spec t  of the problem. The proposed top ic  
of h i s  Ph.D. d i s s e r t a t i o n  i s  the app l i ca t ion  of two-variable expansion 
techniques t o  problems wi th  two g r a v i t a t i o n a l  cen te r s .  
Included wi th in  the  work performed by Ana ly t i ca l  Mechanics 
Assoc ia tes ,  the FORTRAN I V  vers ion  of the  ITEM program was checked f o r  
s e l f - cons i s t ency  and f o r  i n t e g r a t o r  accuracy i n  the  fol lowing manner. 
1. A t r a j e c t o r y  w a s  in tegra ted  toward Mars f o r  230 days and 
15 hours.  Then us ing  these terminal condi t ions  as i n i t i a l  condi t ions ,  the 
t r a j e c t o r y  w a s  i n t eg ra t ed  backwards t o  t i m e  equal  zero.  Since the  program 
uses  a modified Encke scheme, t he  forward and backward sweeps are  done 
d i f f e r e n t l y  and a c t u a l l y  use s l i g h t l y  d i f f e r e n t  conic  sec t ions .  This 
t e s t  w a s  done both wi th  the  s o l a r  e l ec t r i c  propuls ion on and off  (i.e., 
coas t ing )  with very accura te  r e s u l t s .  
11. 
2. An at tempt  t o  i n t e g r a t e  the path of the  p l ane t  Venus was 
made. The pe r tu rba t ions  due t o  the  p l a n e t  Mercury were not included i n  
these ca l cu la t ions .  The d i s t ance  of t he  in t eg ra t ed  po in t s  from the 
expected pos i t i ons  of Venus according t o  a JPL ephemeris were p r in t ed  out .  
Quite p rec i se  r e s u l t s  were obtained wi th  a d i s t ance  from the 1ltrue11 
Venus p o s i t i o n  of 371.44639 km a f t e r  474 days. 
12.  
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111. AEROSPACE SYSTEMS ANALYSIS RESEARCH 
Although reduced i n  pace as descr ibed above, a c t i v i t y  continues 
i n  the top ic  a rea  of Aerospace Systems Analysis.  
D r .  Robert Vichnevetsky of E lec t ron ic  Associates ,  I n c . ,  who 
i s  a par t - t ime V i s i t i n g  Research S c i e n t i s t ,  has continued h i s  seminars on 
computational methods f o r  aerospace systems ana lys i s .  The use of computers 
i n  the  s o l u t i o n  of p a r t i a l  d i f f e r e n t i a l  equat ions i s  of p a r t i c u l a r  
importance i n  therm0dynami.c analyses  and i n  the s e l e c t i o n  of optimal 
sets of parameters f o r  propulsion systems. 
. .  
Work has continued on the  opt imizat ion ana lys i s  of nuclear  rocket  
systems based on the  e f f o r t s  of M r .  M. J. Flynn (3). S tudies  a r e  a l s o  
underway on the nuclear  e l e c t r i c  Brayton cycle  space power systems as an 
ex tens ion  of a previous MSE t h e s i s  (4).  
Studies  of space e l e c t r i c  rocket  propuls ion systems a r e  a l s o  
be ing continued . 
Other sys  tems, such as payload sys tems, communications s y s  tems 
and c o n t r o l s ,  guidance and navigat ion systems, are being considered f o r  
s tudy  and ana lys i s  under the ASMAR Program and these w i l l  be discussed i n  
a l a te r  r epor t .  
13. 
Iv. INTERPLANETARY-PLANETARY MISSION ANALYSIS RESEARCH 
L i t t l e  work has been ca r r i ed  out  i n  t h i s  t op ic  area i n  the 
Basic Program dur ing  the period of t h i s  r e p o r t  because a l l  of our 
r a t h e r  l imi ted  c a p a b i l i t i e s  have been concentrated on i n i t i a t i o n  of the 
So la r  E lec t r ic  Mission s t u d i e s  under NASA Contract  No. NSR 31-001-078. 
This w a s  understood when the  s o l a r  e l ec t r i c  work w a s  undertaken; however, 
we are at tempting t o  formulate the computer programs f o r  t h a t  work and 
des ign  t h e i r  c a p a b i l i t i e s  so they can use cons tan t  o r  o the r  power 
p r o f i l e s  (e.g., as i n  the nuc lear  e l e c t r i c  case) f o r  low t h r u s t  and 
llhighll t h r u s t  as w e l l .  The need fo r  analyzing missions opt imal ly  on 
a three-dimensional b a s i s  including both  h e l i o c e n t r i c  and geocent r ic  
phases using a c t u a l  p l ane ta ry  ephemerides i s  being kept  i n  mind. 
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APPENDIX c: Princeton Univers i ty  Computer Center Capab i l i t y  and Planning, 
I A s  of 1 A p r i l  1966 
I ,  
Professor  Edward J .  McCluskey, who i s  the d i r e c t o r  of the  Computer 
Center,  w i l l  be replaced by M r .  Roald Buhler, c u r r e n t l y  an a s s i s t a n t  d i r e c t o r ,  
as  of 1 J u l y  1966. M r .  Hale F. T ro t t e r  i s  the  a s s o c i a t e  d i r e c t o r  and 
programming manager; M r .  Theodore A. Dolo t ta  i s  an a s s i s t a n t  d i r e c t o r ;  
M r .  Edward G. Aubin, Jr . ,  a s s i s t a n t  t o  the  d i r e c t o r ;  Messrs. R.  Baumberg, 
A .  M. Jonds,  Jr .  and L. Young a re  programming s t a f f  members; and M r .  A. B.  Adams 
i s  opera t ions  manager. 
Tlic Pr ince ton  University Computer Center comprises a l l  of the  
stored-program computer i n s t a l l a t i o n s  on campus. The major i n s t a l l a t i o n ,  which 
i s  loca ted  i n  the Engineering Quadrangle, inc ludes  an  I B M  1410.computer, an  
,IUM 7094 computer w i th  a n  assoc ia ted  cathode ray  tube d i s p l a y  system, and a n  
I B M  7044-1401 computer system. A t  the  F o r r e s t a l  Research Campus the re  i s  an  
I B M  1410 computer system a t  the Plasma Physics Laboratory, and I i3M 360 model 40 
computer a t  the  Princeton-Pennsylvania Acce lera tor ,  and an  I B M  1620 'computer 
i n  t h e  Guggenheim Labora tor ies  for  the  Aerospace Propulsion Sciences.  I n  
a d d i t i o n ,  t he  Computer Center adminis te rs  twenty hours per  week of Universi ty  
use  of a CDC 1604 computer owned by the  I n s t i t u t e  f o r  Defense Analyses and 
housed i n  von Neumann Hall ad jo in ing  the  campus. 
An I B M  system 360/50 w i l l  be i n s t a l l e d  on main campus i n  the  l a t t e r  
half of 1966. This 360/50 w i l l  be rep laced  by an I B M  360/67 twin processor  
system i n  the  summer of -1967 a t  which time the  Computer Center w i l l  occupy 
a new bui ld ing .  
A l l  of the  computers a re  a v a i l a b l e  only t o  Universi ty  s t u d e n t s  and 
s t a f f .  No charges are ever  made f o r  computer t i m e .  Tnere are  oppor tun i t i e s  f o r  
any s t u d e n t , o r  s t a f f  member t o  operate each of t he  computers h imsel f ,  and 
spec ia l  ope ra to r s  a r e  normally provided only a t  the Engineering Quzdrangle 
i n s t a l l a t i o n .  The Computer Center s t a f f  provides t r a i n i n g  seminars on the c s s  
of s p e c i f i c  programming languages and a' d a i l y ,  c l i n i c  is  conducted by a s t a f f  
member t o  provide ind iv idua l  he lp  f o r  s p e c i f i c  problems. I t  i s  the  respons i -  
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